Wild relatives of hexaploid wheat (Triticum aestivum) are the reservoirs of novel allelic 17 diversity with great potential to improve many agronomic traits in wheat. Here, we 18 investigated the genome-wide patterns and efficiency of Aegilops tauschii allele introgression 19 into the winter wheat cultivars. The introgression population of 351 BC 1 F 3 : 5 lines was 20 selected based on phenology and development characteristics from crosses between six 21 hexaploid wheat lines and 21 wheat-Ae. tauschii octoploids. Complexity reduced genomic 22 library sequencing was used to develop SNP markers and infer the regions of identity-by-23 descent and the boundaries of the introgressed segments. Using a diverse panel of 116 Ae. 24 tauschii accessions, it was possible to infer that introgression lines had single or multiple IBD 25 segments from accessions of diverse geographic origin. Introgression frequency was high at 26 the ends of chromosomes and low in the large pericentromeric 2/3 of the chromosome arms 27 characterized by low crossover rate. While the effect of selection for free-threshing genotypes 28 was evident around the domestication gene Tg, reduction in the frequency of introgression 29 was limited to relatively small regions flanking the gene. These results suggest that the 30 effects of phenotypic selection on the introgressed wild relative's alleles at the early 31 generations of population development are strongly influenced by the distribution of 32 crossover frequency across genome, consistent with the Hill-Robertson effect. Our study 33 offers insights into the introgression population development to ensure retention of genetic 34 2 diversity across entire genome and presents a resource that will be valuable for deploying 35 wild relative diversity in breeding programs to create climate resilient and disease resistant 36 varieties with improved yield and quality traits. 37
different geographical locations were used as the reference panel in the study (Supporting 135 Information Table S2) 
Recombination hotspots 194
The imputed D-genome SNPs were split into subsets based on families. A 195 combination of custom Perl and R scripts (Nyine et al. 2018) , were used to convert the SNP 196 alleles to 0, 1, and 2, of which, 0 is homozygous major allele, 1 is heterozygous and 2 is 197 homozygous minor allele. Regions containing monomorphic SNPs were eliminated by the R 198 script. A total of 16 families each having at least 10 progenies plus the respective parents 199 were used in this analysis. A separate custom Perl script was used to count the number of 200 allele phase transitions in each chromosome per individual and recode the flanking SNP 201 positions as break points (Jordan et al. 2018 ). The number of recombination breakpoints 202 (RBP) per 10 kb sliding window in each chromosome per family was obtained using bedmap 203 option from BEDOPS v2.4.35 (Neph et al. 2012 ). The total RBP per 10 kb window across the 204 16 families was obtained and the 99 th percentile plotted using R-package ggplot2. All 205 windows with total RBP below the 99 th percentile of recombination events were masked by 206 adding 0 before the line plots were generated. The centromere position in each chromosome 207 was marked based on the Chinese Spring reference genome (The International Wheat 208 Genome Sequencing Consortium (IWGSC) 2018; Su et al. 2019 BLAST databases were created for each dataset using BLAST2+. Reciprocal blastp was 218 performed between the two species' genome proteins using default parameters. A Perl script 219 was used to filter out blast hits with percent identity less than 95 and gap opens greater than 220 0. A file consisting of species chromosome identity, gene name, gene start and end positions 221 was generated from the respective gff3 file. MCScanX software (Wang et al. 2012 ) was used 222 to generate the dot plot and dual synteny plot that were used to compare the structural 223 differences between the genome of T. aesitvum and Ae. tauschii. 224
The difference in recombination rate between Ae. tauschii ssp. strangulata and Ae. 225 tauschii ssp. tauschii introgression lines was ascertained by the pairwise comparison of 226 families derived from each subspecies using equal number of SNPs from the same genomic 227 loci. The correlation between total RBP and genetic distance was calculated between the 228 introgression lines and their respective hexaploid wheat and Ae. tauschii parents. Scatter plots 229 for genetic distance versus total RBP were generated for each family using ggplot2. The results were used to confirm the presence or absence of wild type alleles depending on 260 whether the introgression segment spanned the Tg gene region or not. Genome-wide 261 association analysis of tenacious glume trait with the 11,624 SNP markers was done using 262 GAPIT function in R. A mixed linear model was used and the population structure was 263 controlled using the first three principal components calculated from the markers. 1). One cluster consisting of accessions known to belong to Ae. tauschii ssp. strangulata or 298 lineage 2 (L2), was clearly distinct from the rest ). The remaining two 299 clusters belonged to Ae. tauschii ssp. tauschii or lineage 1 (L1a and L1b). Cluster L1a was 300 the most heterogeneous with accessions coming from Afghanistan (AFG), Turkmenistan 301 (TKM), Iran (IRN), Pakistan (PAK) and Tajikistan (TJK), (Table S3 ). Fifteen of the Ae. on genetic diversity in wheat, we estimated SNP diversity (π) in the populations of Ae. 331 tauschii, hexaploid wheat parents and the introgression lines. The average  value for the 332 diverse Ae. tauschii accessions was 0.33, suggesting that these accessions represented a rich 333 allelic diversity that could be valuable for wheat improvement. A cross-population diversity 334 comparison showed a low average genetic diversity in the wheat D genome across all the chromosome mean ranging from 0.004 to 0.014 as compared to Ae. tauschii parents that 337 ranged from 0.108 to 0.114. For most chromosome regions, the levels of genetic diversity in 338 the introgression population were intermediate between the levels of diversity in the parental 339 populations of wheat and Ae. tauschii but tended towards the Ae. tauschii with maximum 340 mean  of 0.12 on chromosome 4D ( Fig. 4 and Fig. S2 ). Analysis of variance showed 341 significant differences in  values between Ae. tauschii, hexaploid wheat and introgression 342 lines (P < 0.001), but not between chromosomes (P = 1). The genetic diversity of the 343 introgression lines for most regions of chromosome 4D and 5D were higher than those of Ae. 344 tauschii parents ( Fig. S2 ). Taken together, these results indicate that Ae. tauschii introgression 345 lines substantially increased the genetic diversity of the recurrent hexaploid wheat parents. 346 347
Effect of recombination rate on introgression 348
One of the factors affecting the distribution of recombination events across genome 349 are structural re-arrangements (Stapley et al. 2017 ). Using the comparative dot-plot analysis 350 of gene order along the chromosomes, we observed that more than 99% of the genes from T. 351 aestivum were perfectly collinear to those of Ae. tauschii ssp. strangulata suggesting lack of 352 major structural re-arrangements between the D genomes of bread wheat and its diploid and 7D had the highest number of regions with elevated recombination rate, while 1D and 5D 364 had the highest total RBP per 10 kb window ( Table 2, Table S4 ). Most chromosomes showed 365 no evidence of recombination in the regions near the centromere, except for chromosomes 1D 366 and 6D (Fig. 6) . 367
The frequency of recombination points between two different species are determined 368 by the genetic distance or sequence diversity between them. It is expected that, as the genetic distance between hexaploid wheat and the Ae. tauschii accessions increases, the total RBP 370 should reduce within the introgression lines resulting from such a cross. All families showed 371 negative Pearson's correlation coefficients for total RBP and genetic distance between 372 introgression lines and Ae. tauschii parents (Fig. 7) . As expected, introgression lines with 373 many introgression segments from Ae. tauschii had many total RBP and were genetically 374 closer to Ae. tauschii than wheat. A reduction in the total RBP was observed in families 375 FAM92, FAM93 and FAM96 derived from wheat and Ae. tauschii parents TA1642 and 376 TA2378, which belong to Ae. tauschii ssp. strangulata. This observation was contrary to 377 what was expected. Further analysis comparing FAM93 derived from Ae. tauschii ssp. 378 strangulata to seven Ae. tauschii ssp. tauchsii-derived families (FAM97, FAM98, FAM99, 379 FAM106, FAM109, FAM112 and FAM116) and FAM92 derived from Ae. tauschii ssp. 380 strangulata using same and equal number of SNPs that were segregating between the 381 parental lines also showed the same trend ( Fig S3) . The t-test statistics did not reveal 382 significant difference in recombination rate between FAM93 and FAM92 (P = 0.469) at 95 % 383 confidence level. However, significant differences were observed between Ae. tauschii ssp. The proportion of wild relative genome in the elite wheat lines can influence many 397 traits but the location of introgressions is key in determining the effects. In this study, IBD 398 was used to infer introgression of Ae. tauschii genome into hexaploid wheat lines. A density 399 plot of IBD segments along the chromosomes of the introgression population showed a U-400 shaped distribution (Fig. 8) . The frequency of IBD segments positively correlated with the 401 distribution of recombination rate (Jordan et al. 2018 ) and increased from the centromeres 402 towards the telomeric regions of the chromosomes. There was no chromosome preference during introgression. Variation in the number of introgressions per line were observed across 404 chromosomes with the percentage proportion of Ae. tauschii genome in the introgression 405 lines ranging from 0.075 % to 13.5 % (Table S5 ). The efficiency of introgression as inferred 406 by IBD ranged from 0.3 % to 54.1 % based on the expected 25 % Ae. tauschii genome in the 407 BC 1 F 3:5 lines. Some lines had single or multiple introgression per chromosome. The IBD 408 segments shared between the introgression lines and wheat parents were on average 2.4 folds 409 longer than those shared with the Ae. tauschii parents (Table 3) 
Relationship between IBD segments and tenacious glume gene 419
Free-threshing is one of the traits that led to the domestication of wheat and it is 420 Mb. A count of IBD segments within 1-kb sliding windows showed a sharp decline in IBD 431 segments shared between introgression lines and Ae. tauschii parents within the Tg gene 432 region (Fig. 9A) . The IBD segments shared between the introgression lines and hexaploid 433 wheat parents increased in the Tg gene region indicating a selection pressure for free-434 threshing trait during population development. The lowest decline in IBD segments count 435 was observed at 23.3 Mb. There were 40 high confidence genes within the 21.8 Mb to 23.3
To verify the impact of introgression on free-threshing, we phenotyped the 438 introgression lines for tenacious glume trait and compared the results with IBD map. All lines 439 that had introgression segments spanning the Tg gene region on 2DS were positive for 440 tenacious glume trait (Table S8 ). Some lines, which had the introgression segment boundary 441 close to the Tg region also scored positive for tenacious glume trait (false negative), but a 442 majority were negative as expected. The presence of some false negatives could be explained 443 by the inability of the Beagle program to accurately determine the exact boundary of the 444 introgression in some cases. 445
Genome-wide association studies are used to determine the non-random association of 446 marker alleles to the trait of interest. Using a mixed linear model while controlling for the 447 population structure, we observed that majority of the significant SNPs associated with 448 tenacious glume trait in the introgression population were located on chromosome arm 2DS 449 ( Fig. 9B) , which was consistent with IBD analysis. At a threshold FDR q-value of 0.05, 31 450
SNPs near the Tg locus on 2DS showed significant association with the trait and the closest 451
SNPs to the Tg locus were chr2D_19242994 and chr2D_22955732 located downstream and 452 upstream of the locus, respectively (Table S9) with Ae. tauschii ssp. strangulata from lineage 2 was shown to be lower than in the lines 472 derived from Ae. tauschii ssp. tauschii from lineage 1, consistent with the origin of the wheat 473 D genome from Ae. tauschii ssp. strangulata (Dvorak et al. 2012; Wang et al. 2013) . 474 Therefore, the introgression lines developed in our study carry genomic segments from Ae. The lack of major structural rearrangements differentiating the wheat D genome from 491 its diploid ancestor underlies successful gene and trait transfer from Ae. tauschii into bread 492 wheat. The high level of structural similarity between these two genomes facilitated the 493 hybridization and recombination between them (Gill and Raupp 1987; Dvorak et al. 1998; 494 patterns of introgression efficiency and length suggest that introgression was strongly 506 affected by the distribution of recombination rate along chromosomes. This outcome was not 507 expected as we assumed that selected lines in the BC 1 F 3:4 generation plants should have equal 508 probability of inheriting introgressed regions across entire genome. However, it is likely that 509 selection applied at BC 1 F 3:4 generation to maintain uniform phenology, threshability, 510 flowering time and developmental characteristics inadvertently eliminated many lines 511 carrying large introgressed regions in the pericentromeric regions. According to theory, 512 introgressions that carry alleles having a negative impact on the selected traits will be 513 removed from the population, with the size of the affected region defined by the 514 recombination rate (Hill and Robertson 1966). It appears that negative interaction between 515 alleles located within large introgressions in the low-recombining pericentromeric region and 516 alleles of the adapted recurrent parent affected targeted phenotypes resulting in removal of 517 these plants during population development. The limited number of recombination events at 518 the BC 1 F 2 generation, especially in the large pericentromeric regions of wheat chromosomes, 519 resulted in linkage drag that affected substantial proportion of the genome. for wheat improvement is increasing. Recombination will be one of the main factors that will 536 influence the efficiency of introgression in these populations. Our study suggests that any 537 form of selection applied during population development quickly eliminates large portions of alleles in the pericentromeric regions in this study was somewhat surprising given that 540 phenotypic selection was only applied at the BC 1 F 3:4 stage and field conditions for selection 541 were poor. This clearly suggests that multiple genes with strong combined effect on adaptive 542 traits are present in these regions and identification of any beneficial alleles in these regions 543 will be complicated by linkage drag. 544
It is common practice for germplasm development programs to subject material to 545 selection pressure from early stages of population development. This is consistent with the 546 goal of identifying high performing materials relatively quickly to support commercial 547 breeding. The application of early selection allows rapid exploitation of beneficial alleles in 548 the regions of high recombination. This is a worthy objective but the current results are a 549 clear justification for a two-tiered approach to germplasm development if such programs are 550 to fully exploit the diversity present in donor material. 551
Exploration and exploitation of diversity in regions of lower recombination requires a 552 parallel approach to germplasm development that complements the efforts to rapidly exploit 553 diversity present in the highly recombining regions. The first step is to ensure that maximum 554 diversity is maintained in the introgression materials. This could be achieved by genotyping 555 early generation populations to select subsets of lines carrying introgressions covering the 556 genome. Low selection pressure and marker-assisted population management will retain 557 introgressed regions. The drive toward fixation that occurs with additional selfing generations 558 calls for methods to maintain heterozygosity, such as random mating through the use of 559 genetic male sterility or chemical hybridizing agents, that are warranted in self-pollinated 560 species. This would enhance effective recombination and increase the probability of freeing 561 beneficial alleles from the influence of linked deleterious alleles in regions of low 562 recombination. Failure to engage such strategies will result in the near-immediate loss of 563 introgressed diversity, reducing the potential long-term impact of germplasm development Table S1 . Summary of GBS data for introgression lines, Ae. tuaschii and hexaploid wheat 795 parents. 796 Table S2 . Summary of GBS data for 116 Ae. tauschii accessions used as a reference panel. 797   Table S3 . Origin of Ae. tauschii accessions used as reference panel, the source of 21 Ae. 798 tauschii used as introgression parents and their grouping based on the first two 799 principal components. 800 Table S4 . Frequency of total recombination breakpoint from 16 introgression population 801 families. 802 Table S5 . Efficiency of Ae. tauschii introgression in wheat as inferred by identity by descent. 803 Table S6 . Location of microsatellite markers linked to tenacious glume (Tg) gene on the 804 Chinese Spring reference v1. 805 Table S7 . High confidence genes within chromosome arm 2DS interval known to control 806 tenacious glume trait. 807 Table S8 . Tenacious glume scores for the introgression lines with and without introgression 808 from Ae. tauschii parents on chromosome arm 2DS where the Tg gene is located. 
